The objectives of this study were to evaluate the effects of high-moisture corn (HMC), either whole or ground, fed separately from concentrate and straw on feeding behavior, rumen fermentation, whole tract digestibility, and nitrogen balance. Twenty-four Holstein heifers (199 ± 5.5 kg BW and 157 ± 6.9 d age) housed in individual pens were assigned to 3 treatments: 1) whole (unprocessed) HMC fed along with concentrate and barley straw, all fed separately and ad libitum (WHMC); 2) HMC ground through a 0.4-cm screen before ensiling and fed along with concentrate and barley straw, all fed separately and ad libitum (GHMC); and 3) a concentrate composed of mainly corn meal, ground through a roller mill with screen openings of 6 mm, and barley straw, both fed separately and ad libitum (Control). Concentrate, HMC, and straw were offered separately ad libitum in a free-choice situation and consumption was recorded daily and BW was recorded weekly. Apparent nutrient digestibility and N balance were determined at the beginning, middle, and end of the study. At the same time points, rumen fluid was collected through rumenocentesis to determine rumen pH and VFA concentrations. Feeding behavior was monitored throughout the study. Animals were harvested after 134 d and HCW, rumen and cecum wall lesions, and liver abscesses were recorded. Treatment did not affect total DMI, feed efficiency, ADG, final BW, and carcass weight or classification. Concentrate consumption (6.6 ± 0.35 kg/d) of Control heifers was greater (P < 0.001) than that of GHMC (4.1 ± 0.35 kg/d) and WHMC heifers (2.8 ± 0.35 kg/d), and GHMC heifers consumed less (P < 0.001) HMC than WHMC heifers (2.3 ± 0.31 and 4.2 ± 0.31 kg/d, respectively). Dietary treatments did not affect rumination, self-grooming, nonnutritive oral behaviors, and rumen pH. However, rumen acetate to propionate ratio decreased when heifers received HMC (1.77 ± 0.276) compared with when heifers received the Control (2.82 ± 0.276). Total tract starch apparent digestibility was greater in Control (97.7 ± 0.47%) and GHMC heifers (99.4 ± 0.47%) than in WHMC heifers (95.2 ± 0.47%), although an interaction between treatment and time was observed (P < 0.01). Treatments did not affect N retention. Feeding HMC, either whole or ground, separately from concentrate and straw resulted in performance and behavioral patterns similar to feeding only concentrate and straw.
INTRODUCTION
In recent years, European feed prices have drastically increased. Harvesting corn wet and stored as high-moisture corn (HMC) can be economically advantageous, as drying costs can be saved and yield performance increased. Providing HMC in a total mixed ration (TMR) is a common practice that is supposed to reduce sorting of the individual ration components and to promote a more stable rumen pH and fermentation pattern throughout the day, preventing the risk of subclinical acidosis (DeVries and van Keyserlingk , 2009 ). In Mediterranean countries, beef animals are intensively raised by offering concentrate and straw, both fed ad libitum and separately (Devant et al., 2000; Mach et al., 2009; Marti et al., 2011) . Therefore, farms have no investment in equipment to prepare and deliver a TMR. Some studies have reported that ruminants are able to select a diet that attenuates possible subclinical acidosis when cattle are given the opportunity of choosing among different ingredients separately (Cummins et al., 2009; Moya et al., 2011) . In addition, when offered ad libitum access to individual feedstuffs, ruminants (10 mo old or older) seem to be able to regulate feed consumption according to their needs (Forbes and Provenza, 2000; Atwood et al., 2001; Askar et al., 2006; Bach et al., 2012) but not at early ages (Miller-Cushon et al., 2014) . Feeding HMC separately from the 2 other dietary components (concentrate and straw) could be a plausible alternative to reduce feeding costs without increasing farm investments. The type of HMC (whole or ground) could have an impact on the success of this strategy; for instance, rumen fermentation of ground HMC is greater than that of whole HMC when fed in a TMR (Galyean et al., 1976) and that could affect animal performance. Therefore, the objectives of the present study were to evaluate the effects of HMC (whole or ground) fed separately from concentrate and straw on feeding behavior, rumen fermentation, whole tract digestibility, and nitrogen balance in Holstein heifers and to evaluate if HMC in this free-choice feeding could reduce concentrate intake compared with offering only concentrate and straw, both fed ad libitum and separately.
MATERIALS AND METHODS

Animals, Diets, and Housing
Animals were managed following the principles and specific guidelines of the Institut de Recerca i Tecnologia Agroalimentàries Animal Care Committee. Twenty-four Holstein heifers were fed in a free-choice situation where animals were given the possibility of choosing among different dietary concentrates or ingredients separately and were randomly assigned to 1 of 3 treatments: a concentrate composed of mainly corn meal, ground through a roller mill with screen openings of 6 mm, and barley straw, both fed separately and ad libitum (Control); HMC ground through a 0.4-cm screen before ensiling and fed along with concentrate and barley straw, all fed separately and ad libitum (GHMC); and whole (unprocessed) HMC fed along with concentrate and barley straw, all fed separately and ad libitum (WHMC). Corn for the HMC was obtained from the same field and was harvested at 65% DM and ensiled in a bagged silo (9 by 3 by 1.1 m) for 3 mo. After the 3-mo ensiling period, the bagged silo was opened. The DM content and pH of the ground HMC and whole HMC were 64.0 and 64.1% and 3.87 and 4.14, respectively, indicating the ensiling process was successful. During the feed-out phase, a 14-to 16-cm linear length of the HMC was removed each day from the exposed side. The initial 78 d of study were considered the growing phase, and the finishing phase lasted from 78 to 134 d of study. The control concentrates (Table 1) were formulated to meet Fundación Española para el Desarrollo de la Nutrición Animal (2008) requirements assuming a straw to concentrate ratio of 10:90 (Devant et al., 2000; Mach et al., 2009; Marti et al., 2011) . No previous published data about the consumption of HMC when offered separately from the other dietary components were available; therefore, the concentrates (growing and finishing) corresponding to the GHMC and WHMC treatments were formulated to provide the same energy and protein content as the Control, assuming that animals would consume HMC at a rate of 60% of total DMI.
Barley straw (3.5% CP, 1.6% ether extract [EE], 76.9% NDF, and 6.1% ash, on a DM basis), concentrate, and HMC were fed in separate troughs (0.6 by 1.2 by 0.3 m), all ad libitum, until 134 d of the experiment when the heifers reached a target final BW of approximately 380 kg. Heifers (128 ± 7.6 kg of BW and 115 ± 6.9 d of age) were housed at the Cooperativa Agraria de Guissona experimental station (Guissona, Spain) and were randomly distributed to 1 of the 3 treatments and housed in individual pens (1.45 by 2.4 m). As heifers were unfamiliar with HMC, it was considered that an adaptation period was required. During an adaptation period of 42 d, heifers were fed their corresponding treatment diets. After 42 d, a weekly steady state consumption of HMC was reached (1.3 and 3.2 kg/d DM of HMC consumption for the GHMC and WHMC treatments, respectively). After this adaptation period of 42 d, the study began and heifers were weighed on 2 consecutive days. At this point, the average initial BW was 199 ± 5.5 kg and age was 157 ± 6.9 d.
Measurements and Sample Collection
Concentrate, HMC, and straw consumption were recorded daily. Once a week, 1 sample of concentrate, HMC, and straw plus an individual sample of refusals for concentrate, HMC, and straw were collected to analyze DM content and estimate concentrate, HMC, and straw intake. Animal BW and fecal scoring were recorded weekly. Fecal scoring was based on Heinrichs et al. (2003) , in which " 1" was normal; "2" was soft to loose; "3" was loose to watery; "4" was watery, mucousy, and slightly bloody; and "5" was watery, mucousy, and bloody. Also, rumenocentesis was performed at d 0, 70, and 126 of the study. Rumenocentesis was conducted with a 14-cm 14-gauge needle inserted into the ventral sac of the rumen approximately 15 to 20 cm caudal and ventral to the costocondral junction of the last rib. Rumen fluid pH was measured immediately with a portable pH meter (model 507; Crisson Instruments SA, Barcelona, Spain). Four milliliters of ruminal fluid were mixed with 1 mL of a solution containing 0.2% (wt/wt) mercuric chloride, 2% (wt/wt) orthophosphoric acid, and 4-methylvaleric acid (internal standard) in distilled water based on Jounay (1982) and stored at -20°C until subsequent VFA analyses. Blood samples were taken also at 0, 70, and 126 d of the study by jugular venipuncture and frozen for subsequent analyses.
At d 1, 71, and 127 of the study, a 7-d sampling period started, and during 7 consecutive days, concentrates and HMC were thoroughly mixed with chromic oxide (1 g/kg DM) and offered for ad libitum consumption to each animal. During these days, a daily sample of feed (concentrate, HMC, and straw) offered and refusals were collected from each animal. Fecal grab samples were collected the last 3 d throughout the day and dried at 103°C over 48 h. Coinciding with fecal grab sample collection, a urine spot sample (100 mL) was obtained by perivaginal massage and immediately frozen at -20°C for subsequent creatinine, purine derivatives (PD), and N determination. Because total daily urine excretion collection was not possible, urine volume was estimated from creatinine, assuming a constant ratio of PD to creatinine, as proposed by Chen et al. (1992) .
Behavior of heifers within each treatment was filmed continuously for 24 h on d 1 to 2, 71 to 72, and 127 to 128 of the study using a digital video recording device (model CSM-UTM824; Casmar S. A., Barcelona, Spain) and tubular day/night cameras (model CSM-BFN420; Casmar S.A.) fitted with a Type 1/4 Sony CCD (chargecoupled device) image sensor, 420 TVL (television lines), LED (light-emitting diode) IR (infrared) 15 m, and 4 to 9 mm varifocal lenses that were installed approximately 3 m above the ground. Each camera simultaneously filmed 2 pens. Videotapes were processed by scan sampling at 10-min intervals to represent behavior over an entire hour. Behaviors recorded were consumption (when an animal had its head into the feeder and was engaged in chewing) of concentrate, HMC, and straw; drinking (when an animal had its mouth in the water bowl); ruminating (including regurgitation, mastication, and swallowing of the bolus); self-grooming (nonstereotyped licking of its own body); social behavior (when a heifer was licking or nosing a cohort with the muzzle or butting); and oral nonnutritive behavior (the act of licking or biting the fixtures). Postures such as standing or lying (sternal recumbence with all legs folded under the body with the head down or up) were also recorded. Heifers were transported to the abattoir after 134 d of study. Transport distance was less than 1 km. Immediately following harvest, rumen wall ulcers, papillae clumpings (presence and location), parakeratosis (presence and location), and color as well as liver abscesses were recorded. Liver abscesses were graded following Brown et al. (1975) and rumen color was graded from 1 to 5, with 5 corresponding to the darkest color. In addition, a 1-cm 2 section of the rumen wall was sampled from the left side of the cranial ventral sac and from the left side of the caudal dorsal sac of rumen mucosa, washed with a 0.9% (wt/vol) NaCl solution, and preserved with a 10% formalin solution until subsequent histological analyses. Another 1-cm 2 section of the rumen wall of each rumen site was sampled and preserved in RNAlater (Invitrogen, Madrid, Spain) for subsequent gene expression analyses. Furthermore, HCW was recorded, and carcass backfat and conformation were graded according to the European Union classification system into 1, 2, 3, 4, or 5 (European Union regulation number 1208/81; EC, 2006) and into (S)EUROP categories (European Union regulation numbers 1208/81 and 1026/91; EC, 2008), respectively. The conformation class designated by the letter "E" (excellent) describes carcasses with all profiles convex to superconvex and with exceptional muscle development, whereas the conformation classified as "U" (very good) presents profiles that are, on the whole, straight with good muscle development. Carcasses classified as "R" (good) present profiles that are, on the whole, straight with good muscle development. Carcasses classified as "O" (fair) present profiles straight to concave with average muscle development, whereas carcasses classified as "P" (poor) present all profiles concave to very concave with poor muscle development. In addition, the degree of fat cover describes the amount of fat on the outside of the carcass and in the thoracic cavity. The class of fat cover that classifies as 1 (low) describes none to low fat cover, whereas the class covered with fat that classifies as 5 (very high) describes an entire carcass covered with fat and with heavy fat deposits in the thoracic cavity. Dressing percentage was calculated from HCW.
Chemical Analyses
Samples of feed offered and refusals and of feces were analyzed for DM (24 h at 103°C; method number 925.04; AOAC, 1995), ash (4 h at 550°C; method number 642.05; AOAC, 1995) , CP by the Kjeldahl method (method number 988.05; AOAC, 1995), NDF according to Van Soest et al. (1991) using sodium sulfite and α-amylase, and fat by Soxhlet method with a previous acid hydrolysis (method number 920.39; AOAC, 1995). Total starch content was analyzed using the polarimetric method according to the European Union regulation for feed analyses (number 152/2009; EC, 2009) . Chromium concentration of feed and fecal samples was determined according to the procedure of Le Du and Penning (1982) . Urinary PD and creatinine in urine samples were analyzed by HPLC (Balcells et al., 1992) . Urine samples were also analyzed for N by the Kjeldahl method (method number 988.05; AOAC, 1990). Rumen VFA concentration was analyzed with a semicapillary column (15 m by 0.53 mm i.d. and 0.5-μm film thickness; TRB-FFAP; Teknokroma, Barcelona, Spain) composed of 100% polyethylene glycol esterified with nitroterephtalic acid, bonded and crosslinked polyethylene glycol esterified with nitroterephtalic acid, using a CP-3800 Gas Chromatograph (Varian, Inc., Walnut Creek, CA).
For the histological analysis of rumen papillae, tissue samples were dehydrated and embedded in paraffin wax, sectioned at 4 μm, and stained with hematoxylin and eosin. Morphometric measurements were performed with a light microscope (BHS; Olympus, Barcelona, Spain) using a linear ocular micrometer (Microplanet; Olympus). The well-orientated papillae length and width, number of papillae, and keratin layer thickness were measured on a 1-cm section. All morphometric measurements were made by the same person. Mean papillae and width length were used to calculate papillae surface area following Hill et al. (2005) .
For gene expression analyses, total RNA was extracted from rumen wall tissues using Trizol (Invitrogen). One microgram of RNA was retrotranscribed to cDNA using an IScript cDNA synthesis kit (Bio-Rad, Madrid, Spain) following the manufacturer's instructions. Quantification of the expression of proapoptotic genes bnip3 and casp3, mitosis regulatory gene spc25, genes codifying for the tight junction proteins occludin and claudin-4, the monocarboxylate transporter 1 (mct1) gene, and the proinflammatory cytokines genes il-1β and tnf-α was performed by quantitative PCR using β-actin (actb) as a housekeeping Table 3 . Intake and performance of Holstein heifers fed a concentrate composed mainly of corn meal, ground through a roller mill with screen openings of 6 mm, and barley straw, both fed separately and ad libitum (Control); high-moisture corn (HMC) ground through a 0.4-cm screen before ensiling and fed along with concentrate and barley straw, all fed separately and ad libitum (GHMC); and whole (unprocessed) HMC fed along with concentrate and barley straw, all fed separately and ad libitum (WHMC) gene. The qPCR conditions for each set of primers were individually optimized ( Table 2 ). The specificity of the amplification was evaluated by the single band identification at the expected molecular weight in 0.8% DNA agarose gels and a single peak in melting curves. The efficiency was calculated by amplifying serial 1:10 dilutions of each gene amplicon. A standard curve of threshold cycle (Ct) versus log concentration was plotted to obtain the efficiency, which is calculated using the formula 10 1/slope , with an acceptable range of 1.8 to 2.2. A total reaction volume of 20 μL was used, containing 50 ng of cDNA, 10 μL of SYBR Green fluorescent dye (Bio-Rad, Madrid, Spain), and the optimized primer concentration for each gene ( Table 2 ). The qPCR reactions were cycled as follows: an initial denaturing step of 10 min at 95°C followed by 40 cycles of 10 s at 95°C, 15 s at optimized annealing temperature for each gene, and 30 s at 72°C and a final extension of 10 min at 72°C. Relative gene expression was calculated using the 2ΔCt with actb as a reference gene control.
Calculations and Statistical Analyses
Total tract apparent digestibilities were calculated estimating total fecal output, which was estimated as the ratio of chromium intake to chromium concentration in the feces. Urine volume was estimated assuming the value of 883 μmol of creatinine per kilogram of metabolic BW per day (Chen et al., 1992) . Duodenal flow of purine bases (PB) was estimated from the PD excretion using the equation of Verbic et al. (1990) , which was obtained with steers: PD = 0.385 (mmol/kg BW 0.75 ) + 0.77 PB (mmol/d), in which the intercept represents the endogenous PD excretion and the slope represents the marker recovery coefficient. Nitrogen retained was calculated as the difference between N consumed and the sum of fecal N plus urinary N excreted.
To represent each behavior over an entire hour, videotapes were processed by scan sampling at 10-min intervals (Mitlöhner et al., 2001 ) and the total behavior duration in a day was analyzed.
Performance, behavior, and metabolism data were analyzed using a mixed-effects model with repeated measures (SAS Inst. Inc., Cary, NC). The model included initial BW as a covariate; treatment, time (7-d period or sampling day), and the interaction between treatment and time as fixed effects; and animal as a random effect. Time was considered a repeated factor, and for each analyzed variable, animal nested within treatment (the error term) was subjected to 3 variance-covariance structures: compound symmetry, autoregressive order one, and unstructured. The covariance structure that minimized Schwarz's Bayesian information criterion was considered the most desirable analysis.
To analyze rumen fermentation data, the same model as the one for metabolism data was used; however, the sampling hour within day entered the model as a covariate. Carcass and meat quality characteristics were analyzed as described above but without the time effect (as there were no repeated measures), and initial BW was used as a covariate. Last, a χ 2 test was conducted to evaluate the effects of treatment on carcass classification data (categorical variables). For all analyses, significance was declared at P ≤ 0.05 and tendencies were discussed at 0.05 < P ≤ 0.10.
RESULTS
One heifer from the WHMC treatment was removed during the adaptation period because for undetermined reasons, feed consumption was extremely low. Also, at d 21, 1 heifer from the Control treatment was removed because of lameness and did not respond to treatment. All data corresponding to these heifers were deleted prior to statistical analyses. In addition, during the study, 2 Control and 1 GHMC heifers had bloat and 1 Control and 1 WHMC heifers were treated for laminitis. The most frequent (>80%) fecal score in all treatments was "1" (normal), and no clear effect with time was observed.
Intake and Animal Performance
Treatments did not affect growing, finishing, and final BW; ADG; total DMI; or total DMI to gain ratio (Table 3) . However, during the growing phase (from 0 to 77 d of study), concentrate intake was greater (P < 0.001) in Control heifers (6.4 ± 0.37 kg) than in GHMC (4.1 ± 0.37 kg) and WHMC heifers (2.4 ± 0.37 kg). Heifers offered WHMC consumed more (P < 0.001) HMC (4.1 ± 0.31 kg) than those offered GHMC (2.1 ± 0.31 kg). As a result, the ratio between HMC and total DMI was greater (P < 0.001) in WHMC heifers than in GHMC heifers. During the finishing phase (from 78 to 133 d of study), an interaction (P < 0.05) between treatment and time was observed for concentrate, HMC consumption, and HMC:total DMI ratio. During the first 2 wk of the finishing phase, as occurred in the growing phase, concentrate intake was greater (P < 0.01) in Control heifers than in GHMC heifers and concentrate intake of GHMC heifers was greater (P < 0.01) than in the WHMC heifers, but thereafter, concentrate intake was greater (P < 0.001) in Control heifers than in heifers fed HMC with no differences between GHMC and WHMC heifers. The consumption of concentrate by the WHMC heifers during the finishing phase decreased from 4.9 ± 0.38 kg during the first week to 3.2 ± 0.38 kg during the last week of the finishing period. Whereas WHMC heifers maintained a constant HMC intake (4.3 ± 0.32 kg) throughout the finishing phase, HMC consumption increased in GMHC heifers wk 5 and 6 of the finishing phase and decreased thereafter (2.1 ± 0.32 kg the first week, 3.2 ± 0.32 kg the fifth week, and 2.6 ± 0.32 kg the last week of the finishing period). This oscillating HMC intake in the GHMC heifers during the finishing phase affected the HMC:total DMI ratio. The HMC:total DMI ratio was greater for GHMC heifers in wk 5 (39%), 6 (39%), and 7 (42%) of the finishing phase compared with WHMC heifers, for which the HMC:total DMI ratio (53%) during the finishing phase was stable. In addition, during the growing phase, WHMC heifers tended (P = 0.07) to have lesser straw intake compared with Control and GHMC heifers. During the finishing phase, WHMC heifers consumed less (P < 0.05) straw than Control and GHMC heifers. Final ration composition (concentrate, HMC, and straw) differed among treatments, and, in consequence, starch, EE, and NDF intake also differed (Table 3) . For example, starch intake in the growing period was greater (P < 0.001) in WHMC heifers than in Control heifers and starch intake in Control heifers was greater (P < 0.001) than in GHMC heifers. In the finishing period, starch intake was greater (P < 0.001) in the WHMC heifers compared with Control or GHMC heifers. Lastly, dietary treatments did not affect carcass weight (379 ± 11.4 kg), dressing percentage (49.7 ± 0.54%), or carcass quality classification (data not shown).
Animal Behavior
Heifers devoted less time to consuming concentrate (P < 0.05) when HMC was fed, independently of HMC type, compared with Control heifers (Table 4) . Heifers fed whole HMC devoted more time (P < 0.01) to consuming HMC compared with heifers fed ground HMC. Control heifers tended (P = 0.08) to devote more time to consuming straw than heifers fed WHMC, and time that GHMC heifers devoted to consuming straw did not differ from that of Control and WHMC heifers. In contrast to concentrate or HMC intake (Table 3) , time devoted to consuming these feeds was not affected by time (period) or the interaction between treatment and time. In consequence, concentrate and HMC consumption rates (g/min) increased with the age of the animals (data not shown). However, time devoted to consuming straw (P < 0.001; Table 4) varied throughout the study. Heifers devoted 55 ± 0.05 min/d at the beginning of the study, 72 ± 0.05 min/d at the end of the growing phase, and 54 ± 0.05 min/d at the end of the finishing phase. Straw intake rate (data not shown) throughout the study fluctuated greatly (12 ± 3.2 g/min for Control, 7 ± 3.2 g/min for GHMC, and 11 ± 3.2 g/min for WHMC). Moreover, Control heifers tended (P = 0.09) to devote more time to perform social behaviors than GHMC and WHMC heifers. Treatments did not affect any of the remaining studied behaviors including rumination, selfgrooming, nonnutritive oral behavior, or time devoted to standing or lying down.
Rumen Fermentation and Urinary Purine Derivatives Excretion
Rumen fermentation parameters and urinary excretion of PD are presented in Table 5 . Treatments did not affect rumen pH and total VFA concentrations. Average rumen pH in all treatments was above 5.6, although rumen pH of GHMC heifers (5.69 ± 0.118) was close to 5.6, a value commonly considered the threshold for ruminal acidosis (Nagaraja and Titgemeyer, 2007) . Molar proportions of the different VFA in the rumen, with the exception of valerate, were affected by an interaction between treatment and time. At d 0, after the adaptation period, rumen molar proportions of acetate of Control (56.7 ± 2.06 mol/100 mol) and GHMC heifers (54.7 ± 1.91 mol/100 mol) were greater (P = 0.05) compared with that of WHMC heifers (49.7 ± 2.04 mol/100 mol). However, at d 70 (end of the growing period) and at d 126 (end of the finishing period), rumen molar proportions of acetate were greater (P < 0.05) in Control heifers (58.5 ± 2.06 and 62.9 ± 2.06 for d 70 and 126, respectively) than in GHMC (51.3 ± 1.91 and 53.3 ± 1.91 for d 70 and 126, respectively) and WHMC heifers (48.9 ± 2.14 and 55.5 ± 2.04 for d 70 and 126, respectively), independently of HMC source. Rumen molar proportions of propionate evolved in a fashion opposite to rumen acetate molar proportions. At d 70 (end of the growing phase), rumen acetate to propionate ratio tended (P = 0.07) to be greater in Control heifers than in GHMC and WHMC heifers, and at d 126 (end of the finishing phase), rumen acetate to propionate ratio was greater (P < 0.01) in Control heifers than in GHMC and WHMC heifers. Rumen molar proportion of isobutyrate, butyrate, and isovalerate did not differ among treatments at d 0 and 70; however, at d 126, molar proportions of these VFA were greater (P < 0.05) in Control heifers compared with heifers fed HMC, independently of HMC source.
Urinary PD excretion (P = 0.48 and P = 0.98 for allantoin and uric acid, respectively) and estimated duodenal flow of PB (P = 0.54) did not differ among treatments (Table 5) .
Total Tract Apparent Digestibility and Nitrogen Excretion
Total tract apparent digestibility of DM was greater (P < 0.001) in GHMC heifers than in Control and WHMC heifers. Similar results were obtained for OM and EE (Table 6) ; however, values for these parameters tended (P = 0.09) to differ among treatments and period. Total tract apparent digestibility of starch was greater (P = 0.05) in Control (98.2 ± 0.67 and 98.2 ± 0.67%, respectively) and GHMC heifers (99.3 ± 0.62 and 99.4 ± 0.62%, respectively) than in WHMC heifers (93.1 ± 0.67 and 96.1 ± 0.67%, respectively) after the adaptation period and growing phase. However, at the end of the finishing period, total tract digestibility of starch in Control heifers (96.9 ± 0.67%) decreased and did not differ from that in WHMC heifers (96.3 ± 0.67%), and GHMC heifers had the greatest (99.5 ± 0.62%; P < 0.001) total tract digestibility of starch. Total tract apparent digestibility of CP in GHMC heifers was maintained constant throughout the study and always above 93.3 ± 1.37%, whereas total apparent digestibility of CP in Control heifers reached the greatest values at the end of the growing phase (91.4 ± 1.47%) compared with the values observed after the adaptation period (87.2 ± 1.47%) and at the end of the finishing period (87.8 ± 1.47%). In the case of the WHMC heifers, total tract apparent digestibility of CP increased throughout the study (82.4 ± 1.46% at the end of the adaptation period, 87.9 ± 1.46% at the end of the growing phase, and 90.5 ± 1.46% at the end of the finishing period).
Fecal N excretion was reduced (P < 0.01) in GHMC heifers compared with Control and WHMC heifers (Table 5) . After the adaptation period and at the end of the growing phase, GHMC heifers had a greater (P < 0.05) N urinary excretion (93.6 ± 8.33 and 99.0 ± 8.45 g/d, respectively) than Control (67.4 ± 8.51 and 70.6 ± 9.16 g/d, respectively) and WHMC heifers (53.2 ± 8.44 and 70.7 ± 8.43 g/d, respectively). However, no differences in N urinary excretion were observed among treatments (97.4 ± 8.50, 102.6 ± 7.92, and 100.8 ± 8.43 g/d for Control, GHMC, and WHMC heifers, respectively) at the end of the finishing period. Lastly, no differences were noted among treatments in N retained (expressed as either total daily excretion or as percentage of N intake).
Rumen Wall, Cecum, and Liver Lesions
Rumen wall color was affected (P < 0.05) by treatment. Only Control heifers had rumen walls classified as "5" (14.3%), with "5" being the score corresponding to the darkest color (data not shown). Control and GHMC heifers had 57.1 and 37.5% of rumen walls classified as "4," the second to the darkest score. The percentage of rumen wall classified as "3" was 14.3, 62.5, and 71.4% in Control, GHMC, and WHMC heifers, respectively. Lastly, 14.3 and 28.6% of the rumen walls were classified as "2" (light color) in Control and WHMC heifers, respectively. Baldness regions (data not shown) were observed in 57.2% of the rumen walls from the Control heifers and 25% of the GHMC heifers; however, in the rumen wall from WHMC heifers, no baldness regions were observed (P < 0.05). In the sections of the rumen regions histologically analyzed, no parakeratosis, defined as accumulated layers of keratinized, nucleated squamous epithelial cells and excessive sloughing of the epithelium (Steele et al., 2009) , was observed. Similarly, histology data of the caudal ventral blind sac did not differ among treatments (Table 7) ; however, papillae length of the dorsal sac was greater (P < 0.05) in WHMC heifers than in Control and GHMC heifers. As a consequence, Table 4 . Daily performance of different behaviors (min/d) of Holstein heifers fed a concentrate composed of mainly corn meal, ground through a roller mill with screen openings of 6 mm, and barley straw, both fed separately and ad libitum (Control); high-moisture corn (HMC) ground through a 0.4-cm screen before ensiling and fed along with concentrate and barley straw, all fed separately and ad libitum (GHMC); and whole (unprocessed) HMC fed along with concentrate and barley straw, all fed separately and ad libitum (WHMC) the rumen papillae surface area was greater (P < 0.05) in GHMC animals compared with Control animals. In both rumen regions analyzed, rumen gene expression of casp3, a gene involved in apoptosis, and the apoptosis to mitosis ratio (casp3 to spc25 ratio) was reduced (P < 0.05) in the rumen walls from HMC heifers compared with those from Control heifers ( Table 8 ). The expression of occludin (a gene codifying for a tight junction protein) in the cranial ventral sac was lesser (P < 0.05) in rumens of WHMC heifers than in those from Control and GHMC heifers. Expression of genes related to inflammatory response (il-1β and tnf-α) was not affected by treatment. Likewise, the expression of monocarboxylate transporter 1 (mct-1), involved in VFA absorption, was not affected by dietary treatments. No liver abscesses were observed. However, in 71.4 and 75.0% of Control and GHMC heifers, respectively, cecum petechial lesions (data not shown) were observed and only 42.9% of WHMC heifers had petechial lesions in the cecum, although values among treatments did not differ (P = 0.38).
DISCUSSION
Intake, Digestive Disorders, and Rumen Fermentation
The strategy to offer HMC ad libitum to reduce concentrate consumption was successful mainly when whole HMC was fed, as concentrate consumption in WHMC heifers was reduced, overall, to 58% compared with Control heifers, and no negative impact on total DMI, performance, feed efficiency, or carcass quality was observed. In addition, it is surprising that the HMC:total DMI when whole HMC was fed (57%) was close to the one expected (60%). When the HMC fed was ground, concentrate consumption was not reduced to the same extend (38%) compared with Control heifers and concentrate consumption oscillated more throughout the study. Data derived from video recording indicated that the first ingredient that the animals consumed after feed was offered (data not shown) was HMC, especially whole HMC, indicating that it was appetizing, and as total DMI was not affected by treatment, HMC consumption was presumably the one that dictated final concentrate consumption. The question is why the presentation form of HMC (ground vs. whole) could affect HMC consumption. One explanation could be that the texture or feed processing of HMC (whole grain in WHMC vs. meal in GHMC) could affect animal appetence. To our knowledge, no studies where HMC was fed ad libitum have been published. However, the present study would be in agreement with the review by Pritchard and Stateler (1997) that indicated that animals prefer whole corn compared with ground corn when fed dry. Another explanation could be that starch availability (more rapid Table 5 . Rumen fermentation parameters and urinary excretion of purine derivatives and duodenal flow of purine bases of Holstein heifers fed a concentrate composed of mainly corn meal, ground through a roller mill with screen openings of 6 mm, and barley straw, both fed separately and ad libitum (Control); high-moisture corn (HMC) ground through a 0.4-cm screen before ensiling and fed along with concentrate and barley straw, all fed separately and ad libitum (GHMC); and whole (unprocessed) HMC fed along with concentrate and barley straw, all fed separately and ad libitum (WHMC) 1 T = treatment effect; Per = period effect; T × Per = treatment × period interaction. in ground than in whole corn) could have exerted postingestive effects derived from starch digestion. One concern of feeding HMC, which is rich in starch, in a free-choice situation was that animals could incur rumen acidosis; however, in the present study, no differences in rumen pH were observed. As rumen pH was analyzed from a single sample obtained by rumenocentesis, no rumen dynamics and the area under the curve could be estimated. This single rumen pH value can only be used to contrast treatments and not to establish a real rumen acidosis diagnosis. However, there are other signs that indicative of rumen acidosis such as erratic feed intake, bloat, laminitis, and diarrhea (Nagaraja and Titgemeyer, 2007) . In contrast to our initial expectations, bloat and laminitis, health disorders related to rumen fermentation of starch (Nocek, 1997; Owens et al., 1998) , were present mainly in the Control heifers. Oscillating consumption, as observed in the consumption of HMC in heifers fed ground HMC, is considered one sign of rumen acidosis. Heifers receiving the GHMC treatments had greater total tract starch digestibility compared with the other heifers. Previously, it has been hypothesized that when heifers consumed ground HMC, an accumulation of fermentation products or toxins in the rumen would provoke an erratic HMC consumption pattern in an attempt by the animal in an attempt to modulate rumen pH; the greater total tract starch digestibility observed in GHMC heifers would support this hypothesis. Moya et al. (2011) evaluated whether feedlot cattle could select a diet that modulates rumen pH when offered a choice of ingredients (barley grain, wheat distillers' grain, and corn silage). In agreement with the present study, Moya et al. (2011) reported that the variability in the proportion of barley grain consumed in the diet was greater when it was offered along with distillers' grains than with corn silage, indicating that an erratic feed intake more likely associated with a more acidotic rumen environment. In addition, heifers fed whole HMC ad libitum had an overall reduction of straw consumption (28%) compared with heifers fed ground HMC or the Control diet, and this straw intake reduction had no negative influence on rumen pH and time devoted to rumination. As discussed previously, Control and GHMC heifers consumed more straw than WHMC heifers and this could have prevented rumen subclinical acidosis, in agreement with Forbes and Provenza (2000) , who asserted that ruminants in a freechoice situation adjust their intake to minimize metabolic discomfort. In contrast to this hypothesis, DeVries and van Keyserlingk (2009) reported that heifers in a choice situation (concentrate and hay ad libitum fed separately) consumed their daily concentrate in 2 meals and hay in 10 meals. This rapid consumption of concentrate could result in subacute ruminal acidosis compared with TMRfed heifers. However, the lack of eating pattern data in the present study and the lack of rumen pH data is the cited study (DeVries and van Keyserlingk, 2009) fails to give support to this hypothesis.
As previously discussed, it could be speculated that erratic HMC consumption in GHMC heifers would support that animals were modulating rumen pH by adapting their feeding behavior. A review (Plaizier et al., 2012) of the literature indicated that free bacterial lipopolysaccharide (LPS) endotoxin translocation can cause some symptoms related to subclinical acidosis Table 6 . Total tract apparent digestibilities and N balance of Holstein heifers fed a concentrate composed of mainly corn meal, ground through a roller mill with screen openings of 6 mm, and barley straw, both fed separately and ad libitum (Control); high-moisture corn (HMC) ground through a 0.4-cm screen before ensiling and fed along with concentrate and barley straw, all fed separately and ad libitum (GHMC); and whole (unprocessed) HMC fed along with concentrate and barley straw, all fed separately and ad libitum (WHMC) and that this translocation can be originated in the large intestine independently of the rumen acidity. Steele et al. (2009) reported that during the early stages of a grain-induced ruminal acidosis, rumen lesions such as parakeratosis take place. However, in the present study, no rumen parakeratosis was observed in any histology section analyzed, probably because heifers herein were adapted to high-grain diets and this type of lesions are observed in rumens from animals that are transitioned from a high-forage to a high-concentrate diet. The absence of rumen parakeratosis lesions and the absence of liver abscesses, as described below, would confirm that the integrity of the rumen barrier in the present study did not differ among treatments; however, the expression of the occludin gene (related to cell tight junctions) in the cranial ventral sac was lesser in WHMC animals compared with GHMC and Control animals, and this would contradict macroscopic and histological observations. Moreover, in the present study, a percentage of heifers showed petechial lesions in the cecum. These data would support the hypothesis by Plaizier et al. (2012) suggesting that LPS could originate mainly from the large intestine rather than the rumen. Further research is necessary to elucidate whether ruminants fed in a free-choice situation are able to adjust feed consumption to minimize digestive pathologies including rumen or cecum acidosis. In the present study, no differences in rumen VFA concentration among treatments were observed. Galyean et al. (1976) reported, in steers fed a high-corn TMR, that animals fed ground HMC had lesser rumen pH and greater rumen VFA concentrations compared with animals fed whole HMC or rolled dry corn. When animals are fed in a free-choice situation, they may be able to better regulate rumen pH as discussed previously, and this could explain the differences observed herein and those reported by Galyean et al. (1976) . In agreement with the present study, Cooper et al. (2002) described that steers fed 90% concentrate diets with HMC had greater rumen molar proportions of propionate compared with steers fed a the same diets with dry corn. Moreover, Galyean et al. (1976) observed in steers fed a high-corn TMR that HMC rumen molar propionate concentration was greater compared with steers fed dry rolled corn. In addition, Szasz et al. (2007) , feeding steers high-HMC diets, observed that as kernel moisture content of the HMC increased, the rumen acetate to propionate ratio decreased.
Lastly, in the present study, heifers fed HMC had a decreased rumen cell apoptosis to mitosis ratio compared with Control heifers. The reason behind this observation is unknown. Differences in apoptosis to mitosis ratio could be related to the type of rumen microbiota and LPS production, as LPS stimulates cellular apoptosis (Plaizier et al., 2012) , or to the amount and type of VFA produced, as VFA may act as luminal growth factors (Sakata and Yajima, 1984) . In addition, heifers fed whole HMC had an increased papillae length and a lesser expression of occludin gene in the cranial ventral sac compared with Table 7 . Rumen morphometric measures from left side of cranial ventral sac of and the left side of the caudal dorsal sac of the rumen of Holstein heifers fed a concentrate composed of mainly corn meal, ground through a roller mill with screen openings of 6 mm, and barley straw, both fed separately and ad libitum (Control); highmoisture corn (HMC) ground through a 0.4-cm screen before ensiling and fed along with concentrate and barley straw, all fed separately and ad libitum (GHMC); and whole (unprocessed) HMC fed along with concentrate and barley straw, all fed separately and ad libitum (WHMC) GHMC or Control heifers. Moreover, heifers receiving the WHMC treatment consumed less straw compared with the other treatment heifers. Despite the fact that differences observed among treatments in rumen wall metabolism (apoptosis to mitosis ratio and tight junctions) did not translate into differences in animal health and/or performance herein, these data support the hypothesis that there is a relationship between nutrient intake (starch and NDF) and rumen wall metabolism.
Total Tract Apparent Digestibility, Nitrogen
Retention, Performance, and Efficiency
To our knowledge, there are no previous studies that estimate total tract digestibility in heifers fed HMC ad libitum or in a situation where animals are given the possibility of choosing among different dietary ingredients separately. Values of apparent total tract digestibility of starch are within the range of previous studies where HMC or rolled dry corn were fed in a high-corn TMR (Stock et al., 1987 (Stock et al., , 1991 Cooper et al., 2002; Szasz et al., 2007; Corrigan et al., 2009) . In agreement with different studies (Stock et al., 1991; Cooper et al., 2002) , apparent total tract digestibility of starch was greater in GHMC heifers than in heifers fed rolled dry corn. However, Corrigan et al. (2009) did not report differences in DM, OM, and starch total tract digestibility between dry or ground HMC in steers fed high-HMC diets. In agreement with Galyean et al. (1976) , in the present study, digestibilities of DM, OM, and starch were less in whole than in ground HMC. The intact corn shell of whole HMC impedes access to the starch by rumen microorganisms, and eating and ruminating is necessary to facilitate access to microorganisms. Furthermore, the intact corn shell of whole HMC limits the exposure surface for bacterial attachment compared with processed corn (Ørskov, 1986) . In the present study, when ground HMC was fed, total tract digestibility of starch was similar across all periods as observed by Stock et al. (1987) , who reported that total starch tract digestibility of whole HMC increased with time. The reason behind the progressive decrease in apparent total tract digestibility of starch with age in Control heifers is unknown. Devant et al. (2000) observed in heifers fed straw and concentrate ad libitum and separately an increase in total tract DM and OM digestibility with age.
Despite the fact that nutrient intake and digestibility were different among treatments, animals had similar performance, N retention, and behavioral activities. Different protein to starch (ME) ratios and protein to energy synchronies among treatments can be observed and the interpretation of their relationship with the performance results can be very complex. The hypothesis that animals select a diet balanced for macronutrients in response to their changing requirements (Atwood et al., 2001 ) may need to be further contrasted, as number (affects possible combinations) and type of feeds (different preferences and energy, protein, and fiber content) offered differ among studies.
Concentrate intake was reduced when HMC (ground or whole) was fed in a free-choice situation together with concentrate and straw compared with heifers fed only concentrate and straw, so the objective of finding a strategy to reduce concentrate intake was achieved.. In addition, even if nutrient intake and digestibility were different among treatments, animals had similar performance, N retention, and behavior. Moreover, despite the fact that animals were fed in a free-choice situation and consuming ingredients with high starch content, rumen pH and health data indicated that animals did not incur rumen acidosis, and therefore, heifers were able to modulate ruminal pH, perhaps through changes in feeding patterns. When ground HMC was fed separately from concentrate and straw, HMC consumption replaced partially Table 8 . Rumen gene expression from of cranial ventral sac of and the left side of the caudal dorsal sac of the rumen of the rumen heifers fed a concentrate composed of mainly corn meal, ground through a roller mill with screen openings of 6 mm, and barley straw, both fed separately and ad libitum (Control); high-moisture corn (HMC) ground through a 0.4-cm screen before ensiling and fed along with concentrate and barley straw, all fed separately and ad libitum (GHMC); and whole (unprocessed) HMC fed along with concentrate and barley straw, all fed separately and ad libitum (WHMC) concentrate consumption, showing an erratic HMC consumption during the finishing phase. Interestingly, when heifers were fed whole HMC in a free-choice situation, straw intake was reduced without impairing time devoted to rumination. Moreover, feeding HMC in a free-choice situation, increased rumen molar proportion of propionate, reduced expression of genes related to rumen wall apoptosis and those related to cell tight junctions of the cranial ventral sac (whole HMC), and increased rumen papillae height of the caudal dorsal sac (whole HMC). Selection of the different ingredients would probably not be a problem with individual penned animals, as in the present study. However, in group-housed animals, the opportunities for dietary selection would not be the same for all the animals, and this could affect animal performance and carcass quality.
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